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SUMMARY 
The cu r ren t  s t a t u s  of research  and development programs on b a t t e r i e s  and 
f u e l  cel ls  and the  technology goals  be ing  pursued are discussed. Emphasis is  
placed upon those  technologies  r e l evan t  t o  e a r t h  o r b i t a l  e l e c t r i c  energy s to r -  
age app l i ca t ions .  
INTRODUCTION 
Discussions of o r b i t a l  energy s t o r a g e  usua l ly  have concent ra ted  upon t h e  
d e t a i l s  of t h e  nickel-cadmium b a t t e r y  system. Even though t r i e d  and t r u e ,  t h i s  
system has l i m i t e d  c a p a b i l i t y  and we  must look t o  a l t e r n a t i v e s ,  e s p e c i a l l y  wi th  
t h e  growth i n  p ro jec t ed  power l e v e l s  and l i f e  f o r  o r b i t i n g  systems. This  paper  
a t tempts  t o  g ive  a b r i e f  overview of  t h e  e l e c t r i c a l  s t o r a g e  technologies  t h a t  
are e s s e n t i a l  t o  those  missions.  The technology, t h e  approaches being taken,  
and t h e i r  cu r ren t  s t a t u s  are summarized i n  t h e  f i g u r e s ,  which are copies  of  t h e  
VU-graphs used i n  t h e  o r a l  p re sen ta t ion .  Rechargeable b a t t e r y  technology w i l l  
be  reviewed f i r s t ,  followed by f u e l  ce l l  technology. Fuel  cells form one p a r t  
of t h e  f u e l  c e l l - e l e c t r o l y z e r  system, which has  promise f o r  very l a r g e  o r b i t a l  
s t o r a g e  app l i ca t ion .  The paper which fol lows t h i s  one w i l l  d i s cuss  t h e s e  par- 
t i c u l a r  systems i n  more d e t a i l .  
SECONDARY-BATTERY TECHNOLOGIES 
The technology o b j e c t i v e s  f o r  secondary b a t t e r i e s  f o r  o r b i t a l  a p p l i c a t i o n s  
are long c y c l e  and ca lendar  l i f e ,  high energy dens i ty ,  e f f i c i e n c y ,  r e l i a b i l i t y ,  
and low c o s t .  Advances are achieved through technology programs i n  ce l l  compo- 
nents  ( sepa ra to r s ,  e l e c t r o d e s ,  e tc . ) ,  materials (which, common t o  many energy 
technologies ,  are o f t e n  c r i t i c a l  t o  advancement), thermal  management, designs,  
ope ra t ing  techniquqs ( t o  provide opt imal  condi t ions  and recondi t ion ing  possi-  
b i l i t i e s )  and t e s t - eva lua t ion  procedures which permit  v a l i d ,  r a p i d  v e r i f i c a t i o n  
of  new concepts.  E n t i r e l y  new systems must be explored and def ined  t o  cont inue 
t h e  evolu t ionary  process .  Kerr and P i c k e t t  ( r e f .  1) r e c e n t l y  examined space 
b a t t e r y  technology f o r  t h e  1980's.  F igure  1 summarizes t h e  c u r r e n t  performance 
of o r b i t a l  s t o r a g e  b a t t e r i e s  a g a i n s t  t h e  demanding requirements of t y p i c a l  low 
e a r t h  o r b i t  (LEO) and synchronous (SYNC) o r b i t  a p p l i c a t i o n s .  The n i c k e l  cad- 
mium sys  t e m  is  used. Fu r the r  improvement towards t h e  "ult imate" nickel-cadmium 
b a t t e r y  is  being sought i n  t h e  j o i n t  Je t  Propuls ion Laboratory-NASA L e w i s  pro- 
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gram wi th  t h e  cooperat ion of Goddard Space F l i g h t  Center and t h e  A i r  Force. 
This program has been descr ibed ( r e f .  2) and i s  summarized i n  f i g u r e  2. A pro- 
to type  c e l l  is t o  be  demonstrated by October 1981. Mul t ik i lowat t  a p p l i c a t i o n s  
r e q u i r e  l a r g e r  c e l l  s izes  i n  excess  of 100 ampere hours (AH) t h a t  can be active- 
l y  cooled. A s  shown i n  f i g u r e  2 ,  a new t o r o i d a l  cons t ruc t ion  i s  t h e  sub jec t  of 
a cu r ren t  f e a s i b i l i t y  study. The p ro jec t ed  energy dens i ty  and l i f e  f o r  t h e  ad- 
vanced nickel-cadmium technology i n  LEO and SYNC i n  comparison wi th  t h e  state- 
of- the-ar t  are shown i n  f i g u r e  3 .  
A h ighe r  energy a l k a l i n e  b a t t e r y ,  t h e  long- l i fe  rechargeable  s i l ve r - z inc  
system made p o s s i b l e  by t h e  inorganic /organic  ( I / O )  s e p a r a t o r  ( r e f .  3 ) ,  is  sum- 
marized i n  f i g u r e  4 .  It should be noted he re  t h a t  opera t ing  procedures can in- 
f luence  t h e  o p e r a t i o n a l  l i f e  exemplif ied by t h e  increased  l i f e  f o r  discharged 
versus  f l o a t  s t and  i n  a real-time SYNC o r b i t  test. S ing le -ce l l  p r o t e c t i o n  i s  
a l s o  b e n e f i c i a l  and now is ready f o r  app l i ca t ion .  
One of  t h e  most important new b a t t e r i e s  f o r  space a p p l i c a t i o n  i s  n icke l -  
hydrogen, being developed p r imar i ly  by Comsat ( fo r  SYNC) and t h e  A i r  Force ( f o r  
SYNC and LEO). F igure  5 provides  a summary. It  t o l e r a t e s  deep d ischarge  and 
has  i n t r i n s i c a l l y  long-cycle- l i fe  c a p a b i l i t y .  E l e c t r o l y t e  management i n  LEO 
has been a d i f f i c u l t  problem, now apparent ly  under con t ro l ,  bu t  test d a t a  are 
very l i m i t e d  and the f u l l  energy-density p o t e n t i a l  has  no t  been demonstrated. 
Recent r e p o r t s  )(refs. 1,4) provide d e t a i l s  o f  t h e  technology. 
Another metal-hydrogen system t o l e r a n t  t o  deep d ischarge ,  namely si lver- 
hydrogen, looks promising f o r  l ong- l i f e  SYNC a p p l i c a t i o n .  F igure  6 provides  a 
summary. Its success  i s  dependent upon t h e  NASA 1/0 sepa ra to r .  Wet s t a n d  
tests are j u s t  beginning, bu t  based upon s t u d i e s  of t h e  silver e l ec t rodes  i n  
many s e a l e d  s i l v e r - z i n c  cel ls ,  only about 3 percen t  l o s s  of capac i ty  should be  
expected per  yea r  i n  silver-hydrogen. 
gen, t h e  silver e l e c t r o d e  remains i n t a c t  and s t a b l e ,  q u i t e  d i f f e r e n t  from 
s i lve r - z inc .  
crease t h e  u t i l i z a t i o n  of t h e  si lver e l e c t r o d e  t o  75 percent .  This  has  been 
achieved. The European Space Agency has a prime i n t e r e s t  i n  t h i s  system. 
It should be noted t h a t  i n  si lver-hydro- 
To o b t a i n  t h e  energy-density goa ls  i t  has  been necessary  t o  in-  
The promises o f  s u b s t a n t i a l l y  increased  energy-density systems i n  t h e  
>lOO-watt-hour-per-pound range have motivated much r e sea rch  and development 
over t h e  p a s t  20 years .  Based on a lka l i -meta l  nega t ives ,  t h e s e  systems are 
cu r ren t ly  r ece iv ing  major a t t e n t i o n  by t h e  Department of  Energy (DOE) and t h e  
Electric Power Research I n s t i t u t e  (EPRI) f o r  electric v e h i c l e  and load-level ing 
app l i ca t ions ,  p a r t i c u l a r l y  t h e  high-temperature l i thium-iron s u l f i d e  and sodium- 
s u l f u r  systems. The p o t e n t i a l  a p p l i c a t i o n  of t h e s e  systems t o  space has  been 
d iscussed  ( r e f s .  1,5). More r ecen t  d a t a  ( r e f s .  6,7,8) are summarized i n  f i g -  
u re  7. General ly ,  l i t t l e  experience is  a v a i l a b l e  i n  m u l t i c e l l  b a t t e r i e s  w i t h  
these  systems i n  t h e  United S t a t e s ,  though European groups s e e m  t o  be  advanced. 
The cyc le  l i f e  and demonstrated cel l  energy dens i ty  are w e l l  below t h e  techni-  
cal  goa ls  a t  present .  With t h e  level of e f f o r t  t hese  systems are rece iv ing ,  
t h e  technology should have an  adequate  chance t o  prove i tself  over t h e  next  f e w  
years  i f  i t  is ever going t o  do so.  I f  i t  does,  space a p p l i c a t i o n s  may b e n e f i t .  
The ambient t o  150° C systems depend upon e i t h e r  s o l i d  l i t h i u m  o r  l i q u i d  
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sodium contained i n  t h e  sodium-ion-conducting ceramic, be t a  alumina. 
m e r  nega t ive  e l e c t r o d e  does no t  s e e m  t o  hold much promise f o r  long cyc le  l i f e  
needed f o r  space,  t h e  l a t te r  does. P o s i t i v e s  considered f o r  combination wi th  
these  nega t ives  are shown i n  f i g u r e  7. The most e x c i t i n g  prospec ts  appear t o  
l i e  wi th  t h e  layered  compounds t h a t  i n t e r c a l a t e  l a r g e  concent ra t ions  of a l k a l i -  
metal i o n  wi th  no s t r u c t u r a l  change. 
l i t h ium;  work is  j u s t  beginning wi th  t h e  sodium system (ref. 9).  
The for-  
Inves t iga t ions  are w e l l  a long based on 
I n  conclusion,  nickel-cadmium improvements w i l l  maintain its preeminent 
pos i t i on .  Metal-hydrogen cel ls  are he re  f o r  SYNC o r b i t  eva lua t ion .  Higher 
energy systems s t i l l  are i n  t h e i r  infancy but  some may emerge w i t h i n  3-5 years .  
Ba t t e ry  component technology and explora tory  work must cont inue i n  o rde r  t o  
m e e t  t he  inc reas ing  demands of o r b i t a l  e l e c t r i c a l  s t o r a g e  requirements.  
FUEL CELLS FOR SPACE 
The technology o b j e c t i v e s  f o r  space f u e l  cel ls  are long l i f e ,  high s p e c i f i c  
power, r e l i a b i l i t y ,  m a i n t a i n a b i l i t y  and low cos t .  'Technology programs l e a d  t o  
advances through ce l l  components, materials and c a t a l y s t s ,  thermal management, 
des igns ,  c o n t r o l s  and a n c i l l a r i e s .  
important con t r ibu t ions .  Figure 8 summarizes t h e  major NASA f u e l  c e l l  appl ica-  
t i o n s ,  s t a r t i n g  wi th  Apollo t o  t h e  S h u t t l e  O r b i t e r  and looking t o  t h e  fu tu re .  
Two technologies ,  t h e  s o l i d  polymer e l e c t r o l y t e  (SPE) a c i d  system and t h e  matrix 
aqueous a l k a l i n e  system, based on hydrogen and oxygen r e a c t a n t s ,  are a v a i l a b l e  
( r e f .  10) .  Over t h e  years  s i n c e  Apollo, t he  a l k a l i n e  technology has experienced 
order-of-magnitude improvement i n  s p e c i f i c  power, c o s t  and system endurance. 
Figure 9 compares c e l l  weights.  The so-cal led l igh tweight  technology r ep resen t s  
t he  next  s t e p  beyond t h e  O r b i t e r  and is  based on t h e  compact l igh tweight  con- 
s t r u c t i o n a l  approach shown i n  f i g u r e  10  ( r e f .  11) .  It i s  f a i r  t o  c h a r a c t e r i z e  
t h e  a l k a l i n e  system as having high performance wi th  l imi t ed  l i f e  and the  SPE 
a c i d  system as having modest performance wi th  long l i f e .  Technology e f f o r t s  
have focused on t h e  d e f i c i e n c i e s  and today t h e  two technologies  are converging 
( r e f .  1 2 ) -  This  i s  i l l u s t r a t e d  by t h e  two p l o t s  i n  f i g u r e  11. The cu r ren t  
space f u e l  c e l l  e f f o r t s  are summarized i n  f i g u r e  1 2 .  
New approaches and systems concepts can make 
For completeness, because of t h e  very l a r g e  technology and engineer ing de- 
velopment and demonstration e f f o r t s  of DOE, EPRI, and t h e  G a s  Research I n s t i t u t e  
(GRI) , t h e  emerging f u e l  cel l  technologies  ( r e f .  13) f o r  commercial app l i ca t ion  
i n  t h e  t i m e  frames ind ica t ed  are shown i n  f i g u r e  1 3  wi th  a few p e r t i n e n t  com- 
ments regard ing  t h e i r  space a p p l i c a b i l i t y .  There seems t o  be l i t t l e  b e n e f i t  
a s soc ia t ed  wi th  us ing  phosphoric a c i d  systems i n  space,  a s i d e  from a p o t e n t i a l  
cos t  advantage but  a t  a performance pena l ty  r e l a t i v e  t o  the  space f u e l  ce l l s .  
The high e f f i c i e n c i e s  and h igh  r e j e c t  temperatures of molten carbonate  and s o l i d  
oxide systems may of . fer  f u t u r e  b e n e f i t s  f o r  space when t h e  technologies  mature. 
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REQU I REMENT 
LOW EARTH (LEO) c.6000 CYCLES/YEAR 
-35 MIN. DISCHARGE 
-55 MIN, CHARGE 
SYNCHRONOUS (SYNC) -84 CYCLES/YR (2 ECLIPSES) 
WET STAND 
MAX, 1.2 HR. DISCHARGE 
-6.8 HR, CHARGE 
Figure 1. - Current orbital storage batteries. 
CURRENT 
PERFORMANCE 
NI-CD, 2-4 WHR/LE, 
< 30,000 CYCLES 
( 5  YEARS 
NI-CD, 5 WHR/LB. - 300 CYCLES 
3.5 YEARS 
NICKEL-CADMIUM 
G B  
13 WHR/L8, 30,000 CYCLES o 
5 YRS (LEO) 
13 WHRILB, 900 CYCLES 
10 YRS (SYNC) 
0 
0 
0 
0 
MULTIKILOWATT, >lo0 AH, o 
LOW COST MAINTAINABLE 
(LEO 1 0 
APPROACH/STATUS 
LIGHTNEIGHT COMPONENTS : 
CASE-HEADERS, NON-SINTERED AND POROUS PLASTIC 
PLATED PLAQUE, ELECTROCHEMICALLY IMPREGNATED 
PLAQUE, OPTIMIZE PRECHARGE AND REDUCE XS NEGATIVE 
MASS 
INORGANIC/ORGANIC (NEW TYPE), PBI, AMERACE 
NEW SEPARATORS: 
DEEP DISCHARGE RECONDITION: 
HIGH RATE RECOMBINATION OF H2? 
PROTOTYPE CELL DEMO BY 9 /81  
MUCH PROGRESS MADE I N  RDUCING WEIGHT FOR APPLICATIONS, 
E . G ,  NATO 111 
NEW TOROIDAL CONSTRUCTION FOR HEAT MANAGEMENT, REDUCED 
PARTS, SIMPLE ASSEMBLY 
FEASIBILITY STUDY BEGINNING WITH FABRICATION OF MODEL 
CELL 
Figure 2. - Secondary-battery technology - nickel cadmium. 
I I I \ I  I I I 
\ 9 
0 
4 13 22 31 40 49 58 
ENERGY DENSITY, wh/kg 
Figure 3. - Life as a function of energy density (assumes optimum temper- 
ature of 6 to 16 c). 
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S I  LVER-Z I NC 
GoplL APPROACH/STATUS 
2 4  WHRILB, 4 5 0  CYCLES 
5 YRS (SYNC) o INORGANIC/ORGANIC SEPARATOR ( I /O)  
o SEALED 40 AH; 12 AH CELLS DEVELOPED 
o 2 4  WHR/LB ACHIEVED I N  PRODUCTION CELLS 
o REAL TIME SYNC TESTS: 60% DOD MAXIMUM 
5 ECLIPSES (2.5 YRS) 210 CYC, FLOAT STAND 
9 ECLIPSES ( 4 - 5  YRS) 3 8 0  CYC, DISCHARGED STAND 
o 40% DOD 1 CYCLE/DAY 1,2 HR DISCHARGE 4 5 0  CYCLES 
o SINGLE CELL PROTECTOR TECCINOLOGY DEVELOPED/TESTED 
ON 28V, 40 AH BATTERY: 60% IMPROVEMENT I N  BATTERY 
L I F E  OVER BATTERY LEVEL CONTROL; GENERALLY 
APPLICABLE AND AVAILABLE. 
Figure 4. - Secondary-battery technology - silver-zinc. 
NICKEL-HYDROGEN 
G& APPROACH/STATUS 
22-25 WHR/LB, 900 CYCLES o “PINEAPPLE SLICE” STACK CONSTRUCTION 
10 YRS (SYNC) o NYLON, POLYPROPYLENE AND INORGANIC SEPARATORS USED 
6000 CYCLES, 1 YR AND 
30,000 CYCLES, 5 YRS (LEO) 
o IMPROVED THERMAL, OXYGEN AND ELECTROLYTE MANAGEMENT 
NEEDED I N  LEO 
o VOLUME +1,5 - 2 X NI-CD 
o TEST DATA LIMITED, -15 WHR/LB >650 CYCLES 
o TECHNOLOGY AVAILABLE FOR EVALUATION 
ACHIEVED I N  LAB SYNC TEST 
o FLIGHT TEST OF NON-OPTIMIZED PROTOTYPE ON NTS- 
2 (8 WHR/LB) - RESULTS GOOD TO DATE, GOOD TEST 
FOR SYNC 
o AF FLIGHT TEST FOR LEO, PIGGY BACK EXPT, 
o COULD HAVE COMMERCIAL APPLICATION THUS REDUCED COST 
Figure 5. - Secondary-battery technology - nickel-hydrogen. 
S I  LVER-HYDROGEN 
G* APPROACH/STATUS 
30 WHR/LB. 900 CYCLES o STACK CONSTRUCTION - SLICES OR ROLLED, NOVEL USE OF 
>10 YRS (SYNC) HEAT PIPE CONSIDERED 
o I /O SEPARATOR, OTHERS UNSUITABLE 
1 YR, HIGH RATE (LEO) o STRESS ELECTROLYTE MANAGEMENT TECHNIQUES - ELECTROLYTE 
RESERVOIR PRINCIPLES 
o ~ 7 5 %  UTILIZATION AG ELECTRODE ACHIEVED 
o 20 AH, 30 WHR/LB CELLS >900 CYCLES 8 75% DEPTH 
1.2 HR DISCHARGE, WET STAND TESTS BEGUN 
o SILVER ELECTRODE REMAINS STABLE INTACT; (DIFFERENT 
THAN AG-ZN), NO H2 ELECTRODE POISONING 
o 50 AH >35 WHR/LB AEROSPACE WEIGHT CELLS READY 1979; 
USER EVALUATION NEEDED 
Figure 6. - Secondary-battery technology - silver-hydrogen. 
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HIGH ENERGY DENSITY SYSTEMS >lo0 WHR/LB 
o ALKALI METAL NEGATIVES (LI, NA) 
o AEROSPACE/DOD GOALS PUSHED EARLY TECHNOLOGY WORK BEGINNING I N  LATE 50s 3 
o ERDA/DOE - EPRI PROGRAMS NOW VERY LARGE FOR COMMERCIAL ELECTRIC VEHICLE AND 
LOAD -LEVELING APPLICATIONS ($ -10M/YR) 
A. HIGH TEMPERATURE (350"-450" C) 
POSSIBLE BENEFIT FOR SPACE: EVENTUAL COST $~O/KWHR, REJECT TEMP,, HIGHER 
ENERGY DENS I TY 
1. LITHIUM (4'3 - IRON SULFIDE 
- GOAL: 85 WHR/LB, >lo00 CYCLES 
-10 YR 
-: o 50 AH CELLS <35 WHFULB 
>500 CYCLES, 4 HR RATE 
0 2  CELL BATTERY<20 WHWLB - 600 CYCLES 
o LAB CELLS >lo00 CYCLES; 
60 WHR/LB, 33 CYCLES 
oLARGE BATTERY TEST I N  
VEHICLE LATE 1978, 
2. SODIUM-SULFUR WITH SOLID ELECTROLYTE 
- GOAL: 100-120 WHR/LB, 2500 CYCLES STATUS: 
(>" YR) - ENERGY CELL 75 AH CELLS: 55 WHR/LB; 170 CYCLES 
BETA-ALUMINA TYPE MFG 1, 
MFG 2, 
FOREIGN TECHNOLOGY MORE ADVANCED 
@ ELECTRODE, CONTAINER PROBLEMS 
@ PROBLEM SOLVED; 300 CYCLES 
CHROME-ALLOY MILD STEEL CONTAINER 
GLASS CAPILLARY FIBER TYPE 6AH CELLS: 60 WHR/LB; 217 CYCLES 
GOOD TUBESHEET - FIBER INTERFACE 
MANUFACTURABILITY GOOD 
* $25/ltWHR 
SMALL CELLS 3800 CYCLES 
B, ORGANIC ELECTROLYTE (AMBIENT TO 150" C) 
o LITHIUM (SOLID) OR SODIUM (LIQUID)/SOLID ELECTROLYTE (>loo" C) FOR NEGATIVE 
ELECTRODES 
- LITHIUM RECHARGEABILITY LIMITED 10-100 CYCLES AT PRESENT; SOME REPORTS OF 
- SODIUM (LIQ)//BETA ALUMINA - MANY THOUSANDS OF DEEP CYCLES DEMONSTRATED 
BREAKTHROUGH TO 1000s OF CYCLES 
o FOR POSITIVE ELECTRODES 
DISSOLVED SULFUR OR SOLID INSOLUBLE TRANSITION METAL 
DICHALCOGENIDE OPERATING I N  ORGANIC ELECTROLYTES ARE MOST PROMISING 
CONCEPTS FOR GOOD RATES AND L I F E  
o STABILITY OF CONCENTRATED ALKALI  POLYSULFIDES I N  ORGANICS APPEAR 
LIMITED FOR LONG L I F E  APPLICATIONS 
o TRANSITION METAL DICHALCOGENIDES HAVE LAYERED STRUCTURES ACCEPTING 
LARGE CONCENTRATION OF ALKALI IONS WITHOUT STRUCTURAL CHANGE I N  
WHICH ALKALI  IONS DIFFUSE RAPIDLY, EXCITING OPPORTUNITIES; A FEW 
EXAMPLES I 
VARIOUS <loo >250 CYCLES 
L1 / ELECTROLYTES / L1xT'S2 LB i o  MAIC~ 
o MAJOR DEVELOPMENT EFFORT I N  
PROGRESS 
LI I ELECTROLYTE I LIxCR,V,S2 ~ 1 1 5  e RATE? 
LB 
o EXPLORATORY WORK BEGINNING 
Figure 7. - Secondary-battery technology - high-energy-density systems. 
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PAST: 
PRESENT: 
FUTURE: 
BIOSATELLITE (SPE) 
GEMINI (SPE) 
APOLLO (1.5 KW, 1%2, ALKALINE) 
SHUTTLEORBITER (12 KW, 1973, ALKALINE) 
ORBITAL TRANSFER VEHICLE (OTV) 
SPACE BASE - SOLAR PHOTOVOLTAIC ENERGY STORAGE 
SHUTTLE DERIVATIVES 
(WITH ELECTROLYZER) 
Figure 8. - Major NASA fuel cell applications. 
Figure 9. -Cell weight comparison. 
4 FLOW FIELD (PIASTIC) --___ 
CELL(SAMEAS ORBITER)----- 
ERP(P!ASTIC)--------- 
I+. FLOW FIELD (PLASTIC) - -- - e 
WTP ( P ~ ~ ~ ~ I A S E E S T O ~ I T L O N )  1 
iuni LLLL) 
V 
(uG"T IT C r l ,  
STACK WEIGHT COMPARISON: 
LIGHTWEIGHT- 4LBIKW 
02 FLOW FIELD (GOLD PLATED Mgl-- 
CELL (SCREEN ELECTRODE1 
ASBESTOS MATRIX1 
SCREEN ELECTRODE - - - - -- 
ERP LNICKEL) - --  -- - _ _ _  
I+. FLOW FIELD (GOLD PLAlED Mg) - 0.175" 1 
(ORBITER CELL) 
Figure 10. - Structural comparison: lightweight fuel cell versus orbiter fuel 
cell. 
164  
1.1 
1.1 - 
CELL 
CELL .g 
VOLTAGE t 
VOLTS 
.7 
1977 \I 1969 1973 1975 / 220° F ] 
( 2:0;sq 
1 ~~ I 
150 300 450 600 750 
CURRENT DENSITY - ASF 
(a) Acid SPE fuel cells. 
I I I 1 
1500 3000 4500 6000 7500 
TEST DURATION - HOURS 
(b) Lightweight alkaline fuel cells. 
Fi.gure 11. - Improvements in performance of acid SPE and lightweight 
alkaline fuel cells. 
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ALKALINE - H 2 4 2  
o 20 LB/KW, 10,000 HR 8 200 ASF, 185" F USING PROPELLANT GRADE REACTANTS 
DEMONSTRATED AT CELL LEVEL 
o 20 LB/KW, >40,000 HR, 0,91V a 200 ASF, 180" F CELL DEVELOPMENT BEGUN 
- POWER PLANT DEVELOPMENT BEGUN 
- LIGHTWEIGHT OX I DAT I ON- RES I STANT MATERIALS DEFINED 
- NEW ELECTROCATALYSTS INCL, SUPPORTED COMMERCIAL TYPE 
- NEW PBI MATRIX 
o 6 LB/KW, >3000 HR, 0 , 9 V  8 1000 ASF, 250-300" F USING PROPELLANT GRADE 
REACTANTS 
- 
- 
- 
AS ABOVE, SAME MATERIALS REQUIREMENTS 
RESEARCH CELL ACHIEVED>0,90V 8 1000 ASF FOR 16 HRS 
HIGH CURRENT DENSITY REDUCES COST 
- ACID (SPE) - Hz& 
o 15-20 LB/KW, >40,000 HR, 0.95 8 120 ASF, 180" -220" F, BREADBOARD SYSTEM 
BEING BUILT FOR TESTING 
- HUMIDIFICATION OF REACTANTS IS KEY TO PERFORMANCE 
- ENDURANCED ACHIEVED I N  CELLS 
Figure 12. - Space fuel cell technology thrust. 
COMMERCIAL SYSTEMS - LOW COST -$300/KW (DOE-EPRI-GRI, -840MIYR AND GROWING) 
PHOSPHORIC ACID (1980-1985) 
- L I Q U I D  SEALS A PROBLEM FOR SPACE 
- INEFFICIENT RELATIVE TO ALK, OR SPE; 190" C 
- ENDURANCE a 300 ASF SUFFICIENT FOR 40,000 HR SYSTEM (PROVIDING ACID INVENTORY CAN 
BE MAINTAINED) 
MOLTEN CARBONATE (1990) 
- 650" C TO OPERATE; EFFICIENT 
- - CELL ENDURANCE DEMONSTRATED TO 13,000 HRS 8 100 ASF 
- HIGH REJECT TEMP. 
- MAINTAINING TEMP, I N  SPACE? 
SOLID OXIDE (2000) 
- 1000" C OPERATE; EFFICIENT 
- CELL ENDURANCE DEMONSTRATED TO -40,000 HRS 8 120 ASF 
- - CELL INTERCONNECT PROBLEM SOLVED 
- ALL SOLID STATE SYSTEM 
- HIGH REJECT TEMP, 
- MAINTAINING TEMP, I N  SPACE? 
Figure 13. - Possible future fuel cell technology opportunities in space. 
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